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Nano-Si as Li Ion Battery Anode
10 f ld i i d it ( )> - o  ncrease n energy ens y +
LixC6 372 mAh/g vs. Li22Si5 ~4200 mAh/g
300% volume expansion during charge (-)
Address mechanical instability by “going nano”
3Figure from Cui, Y. “Nanotechnology-Enabled Memory and Energy Applications”   http://www.caiss.org/docs/Presentation/CAISSDinnerSeminar041708.pdf 04/17/2009
Amine-promoted disproportionation and redistribution:
Cyclohexasilane Si6H12 Chemisty
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Si6H12 Production at NDSU
• Production level is now 
10 g/week.
• 2 kg/day facility envisioned.
• Discussions with several 
manufacturers of fine 
chemicals for the 
semiconductor industry 
ongoing.  
Having Si6H12 in-house offers
a competitive advantage
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“Inverse Sandwich” Complexes of Perhalocyclohexasilane
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Dianion Si6Cl12(Cl2)2-
Monoanion LSi6Cl12(Cl)-
Neutral L2Si6Br12
Xuliang Dai et al., Organometallics (in revision). 6
Si6H12 as a Precursor to Si-based Electronic Materials
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Si6H12 is Relatively Thermally Stable
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Isothermal TGA at 100 ºC shows no weight change after 12 h 7
Electrospinning Yields Nanowires
diameters from 1 to 2000 nm
http://upload.wikimedia.org/wikipedia/commons/c/ca/Electrospinning_Diagram.jpg
Synthetic and natural polymers
Ceramics D.H. Reneker, A.L. Yarin, et al, Adv. Appl. Mech., 41, 43-195 (2007). 
Carbon
Semiconductor materials
D.H. Reneker and A.L. Yarin, Polymer, 49, 2387 (2008).
D. Li and Y. Xia, Adv. Mater., 16, 1151 (2004).
C. Lai, D.H. Reneker et al.,Nanotechnology, 19, 195303 (2008).
R. Ramaseshan, et al., J. Appl. Phys., 102, 11101 (2007).
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NDSU-CNSE Electrospinning Setup
Electrical
i
Spinning
Located inside inert glovebox
connect on wire
C f il b t t
Syringe needle
u o  su s ra e
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Electrospinning Liquid Silanes
QuickTime Movie
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1st Gen Ink. PMMA in Toluene, Add Si6H12, Electrospin, Thermolysis
+
Electrospin
-toluene (g)
PMMA in toluene
MW= 996,000
Si6H12 Heat
Polydihydrosilane / PMMA
Heat (350 C)
TEM micrograph shows nanowire
diameters of 16 to 33 nm
SEM showing beads – initial 
formulation
a-Si:H / PMMA
[Note: Raman laser rc-Si] 11
Electrochemical Testing of Li0/a-SiNW Half-Cell
Electrospun a-SiNWs are resilient to cell cycling
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specific discharge capacity decreases only 9.2% from 2nd to 30th
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Celgard 2300 
1M LiPF6 in (ED:DEC = 1:1) 
Cycled between 0.02 and 1.50 V at 100 mA/g
2nd Gen Ink. QPAC100® in Toluene, Add Si6H12, Electrospin, Thermolysis
Electrospin
-toluene (g)O O
O
O O
mn
+ Heat (350 °C/20min)
1) QPAC 100 volatizes
QPAC100®
polypropylene carbonate/
polycyclohexene carbonate
O
2) Si6H12 transforms to -[SiH2]n-/a-Si
Unpolymerized Si6H12 consolidates 
on the surface of the substrate
in toluene  MW = 660,000 
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Optical photograph
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a-Si:H / PMMA
[Note: Raman laser rc-Si]
2nd Ink’. QPAC100®/Toluene/Si6H12, E-spin, Laser Treatment, Thermolysis
Electrospin
-toluene (g)O O
O
O O
mn
Laser (355 nm @ ~250mW/cm2)
1) Si6H12 transformed to -[SiH2]n-
O
QPAC100®
polypropylene carbonate/
polycyclohexene carbonate
+
Heat (350 °C/20 min)
2) QPAC 100® volatizes
3) -[SiH2]n- transformed to a-Si
in toluene  MW = 660,000 
Porous
a-Si NWs
SEM micrograph 14TEM micrograph
Future Plans
Scaleup Si6H12 production
Refine single-needle electrospinning of Si6H12
Isolate conducting a-SiNWs using doped inks
T iti t dl l  C d t d ith Si NWrans on o nee e ess u ano e coa e  w  a-  s
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A plug-in process 
for manufacture ?
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Conclusions
NDSU produces Si6H12 toward pilot scale
Si6H12 can be electospun using a polymer carrier
First a-Si nanowires
Fi t Si irs  porous a-  nanow res
Initial battery testing similar to crystalline SiNWs
16
Acknowledgements
Funding
DoE DE-FC36-08GO88160
DoD DMEA H94003-08-2-0805
ND EPSCoR / 
NSF EPSC R EPS 0447679 o -
This presentation is based on research sponsored by Defense 
Microelectronics Activity (DMEA) under agreement number 
H94003-08-2-0805, the National Science Foundation under grant 
EPS 0447679 d th D t t f E d DE FC36-  an  e epar men  o  nergy un er - -
08GO88160. The United States Government is authorized to 
reproduce and distribute reprints for Government purposes, 
notwithstanding any copyright notation thereon.
